Gold(I) complexes bearing N-heterocyclic carbenes (NHC) of the type (NHC)AuBr (3a/3b) [NHC = 1-methyl-3-benzylimidazol-2-ylidene (= MeBnIm), and 1,3-dibenzylimidazol-2-ylidene (= Bn 2 Im)] are prepared by transmetallation reactions of (tht)AuBr (tht = tetrahydrothiophene) and (NHC)AgBr (2a/2b). The homoleptic, ionic complexes [(NHC) 2 Au]Br (6a/6b) are synthesized by the reaction with free carbene. Successive oxidation of 3a/3b and 6a/6b with bromine gave the respective (NHC)AuBr 3 (4a/4b) and [(NHC) 2 AuBr 2 ]Br (7a/7b) in good overall yields as yellow powders. All complexes were characterized by NMR spectroscopy, mass spectrometry, elemental analysis and single crystal X-ray diffraction. Reactions of the Au(III) complexes towards anionic ligands like carboxylates, phenolates and thiophenolates were investigated and result in a complete or partial reduction to a Au(I) complex. Irradiation of the Au(III) complexes with UV light yield the Au(I) congeners in a clean photo-reaction.
Introduction
Numerous publications dealing with the synthesis, solid state structures and applications of silver(I), gold(I), and gold(III) complexes bearing N-heterocyclic carbenes (NHC) have been published in the last decade and have been summarised in several review articles.
1 In particular, the interest in NHC-Ag(I) complexes has grown significantly since Wang and Lin proved their capability as versatile carbene transfer agents and a plethora of compounds have been reported.
1-4
In the case of NHCAu complexes intensive research activities were stimulated by their pharmaceutical potential as anticancer, antiarthritic, and antibacterial agents as well as their catalytic activities for unique C-C, C-O, and C-N bond-forming reactions.
5- 8 Nevertheless, the chemistry of gold is still dominated by the oxidation state +1 and the linearly coordinate complexes of the type NHC-Au(I)-X or [(NHC) 2 Au]X, which are usually synthesized by the reaction of R 2 SAuX (R 2 S = Me 2 S, tht, X = halide) with a NHC-Ag As the direct synthesis starting from an Au(III) precursor (e.g. KAuCl 4 ) only works with special functionality on the NHC ligand, 12 they are mostly synthesized by the oxidation of the corresponding Au(I) complexes with halogens (Cl 2 , Br 2 , I 2 ). The majority of NHC-Au(III) complexes are of the type (NHC)AuX 3 or [(NHC) 2 AuX 2 ]X. The exchange of the halides by other anionic (or neutral) ligands seems to be critical and leads frequently to the reduction to Au(I) or decomposition. Some of the rare examples are the recently published carbene bearing complexes of the type (NHC)Au(R)X 2 (R = C 6 H 5 , C 6 F 5 , Me; X = Cl, I).
6,11
Light and temperature sensitivity is a general feature of coinage metal complexes. The decomposition of such complexes often leads to the metal, sometimes in colloidal form. For (organometallic) gold(III) complexes, the reductive elimination involving carbon-carbon or element-element bond formations is well documented.
13 Albeit known for a very long time, studies about photochemical transformations of gold(I) and especially of gold(III) compounds are still scarce.
14 The thoroughly investigated tetrachloroaurate anion [ -. 16 Analogous photo-reactivity has been found for LAuX 3 (L = phosphane, X = Br, Cl). 17 For clean photoreductive elimination of X 2 from a LAuX 3 complex according to eqn (1), a halogen trap (alkene, alcohol) is required in solution, whereas in the solid state due to the volatility of X 2 no trap is needed. Remarkably, no reduction to elemental gold took place under these conditions. 
The photoreaction proceeds from a ligand-to-metal charge transfer (LMCT) state. In the case of late transition metal halides, a LMCT excitation often causes formal one-electron reduction of the metal and release of a X ∑ radical, 18 which means for Au(III) complexes formal reduction of the gold atom to the relatively unstable Au(II) in the initial step. In subsequent thermal reactions either reduction to Au(I) and liberation of another X ∑ or disproportion [2 Au(II) → Au(I) + Au(III)] takes place.
In this contribution we present the synthesis and structural characterization of gold(III) complexes of the type (NHC)AuBr 3 and [(NHC) 2 AuBr 2 ]Br [(NHC = 1-Methyl-3-benzylimidazol-2-ylidene (= MeBnIm), and 1,3-dibenzylimidazol-2-ylidene (= Bn 2 Im)] and their reactivity towards anionic ligands. In addition, their photochemical reactivity is studied.
Results and discussion

Synthesis
The imidazolium bromides 
Characterization
All compounds yield the expected 1 H NMR spectra. Upon complex formation the signals for the C2-H imidazolium protons vanish (see Experimental section). In the 13 C NMR spectra, the C2 carbon atom is most affected by the ligation to the metal and by the change of the oxidation state and coordination environment (Table 1) . With respect to the imidazolium salt, the C2 nucleus of the Ag compounds 2a/b resonates considerable downfield by around 44 ppm at~181 ppm. There are considerable differences between the neutral and ionic gold complexes: the carbene carbon atom of both the neutral Au(I) and the Au(III) complex (3a/b and 4a/b) each have signals at higher field than the corresponding ionic counterpart (6a/b and 7a/b) reflecting the higher positive charge density on the gold atom. The highest downfield shifts for the C2 are found for the ionic Au(I) complex, whereas the neutral Au(III) have signals in the region of the imidazolium salt. For comparison, typical 13 C chemical shifts of gold complexes bearing the non-substituted, unsaturated imidazol-2-ylidene moiety are depicted in Fig. 1 . An analogue illustration for NHC-Ag complexes would be less meaningful due to extensive ligand scrambling equilibria in solution, which means that the molecular constitution of the NHC-Ag complexes in the solid state might not be retained in solution and a well-founded description of the silver coordination environment would be difficult. 9e For gold this dynamic behaviour is less pronounced and it can be assumed that the constitution is identical both in the solid state and in solution. It was previously pointed out that the carbene carbon resonance is upfield shifted with increasing Lewis acidity of the metal.
9e,19
The higher electronegativity of the chloride ligand leads to higher Lewis acidity of the gold(I) atom compared to the bromide congeners. Accordingly, the C2 of the gold chlorides resonates upfield compared to the gold bromides. In complexes of the type [(NHC) 2 Au] + the coordination of an additional NHC ligand enhances the electron density on the gold atom, thus lowering its Lewis acidity: the C2 signal is considerably shifted downfield. Upon oxidation to Au(III), the acidity is further increased resulting in a significant upfield shift of the C2 resonances. Interestingly, the C2 resonances of the neutral Au(III) complexes are very similar to the imidazolium salt. Albeit the proton and a -AuBr 3 group are not isolobal, it is tempting to speculate that the Au(III) atom has at least a comparable electronic effect on the C2 atom like a proton. The unsymmetrical substituted NHC Au(III) complex 7a shows two sets of signals in its 1 H-and 13 C-NMR spectra indicative of syn-/anti-isomerism of this compound ( Fig. 2 and Fig. S1 ). † The ratio of the integrals of each signal set varies slightly from batch to batch but is close to 1 : 1 for both isomers. The shifts of all H-and C-atoms have unambiguously been assigned by 1 H-1 H-NOESY and 1 H-13 C HSQC spectra ( Fig. S2 and S3 ). † In DMSO-d 6 , the separation of the signals of the methyl protons is 52 Hz and of the methylene groups 40 Hz (at 200 MHz). Upon heating to 90
• C, the peaks of the methyl and methylene groups are only slightly approaching each other (46 Hz for CH 3 and 39 Hz for CH 2 ), but virtually no change of the integrals and signal shape could be determined in the 1 H-NMR spectra proving the high rotational barrier about the C-Au axis. In C 2 D 2 Cl 4 the chemical shifts are more affected by increasing temperature. At 100
• C the signals are broadened and the splitting is reduced from 75 to 60 Hz (CH 2 ) and from 80 to 64 Hz (Me). Unfortunately, the coalescence temperature could not be reached because the compound starts to thermally reduce to the Au(I) complex above this temperature (vide infra).
For an estimation of the rotational barrier, quantum-chemical calculations were performed. Unlike the crystal structure, the optimized structure does not exhibit coplanar orientation of the imidazole ring planes but a somewhat twisted arrangement which reduces the sterical repulsion of the substituent (Fig. S4 ). † All calculated interatomic distances are in excellent agreement with the measured parameters from the solid state. In the following calculations one carbene ligand was kept fixed while the other was rotated about the C2-Au axis giving a rotational barrier of 60 kJ mol -1 (Fig. 3) . Remarkably, this value is in good agreement with the determined rotational barriers of similar Pd and Pt compounds, 21 but is inconsistent with the variable temperature NMR experiments from this work. For a barrier of~60 kJ mol -1 the coalescence temperature is estimated to be around 60
• C applying the standard approximation for the relation between the activation enthalpy DG # and the coalescence temperature. 22 In an attempt to clarify this discrepancy also solvent effects were included into the calculation using the COSMO model, 23 however the calculated energy difference between the approximate rotational saddle point and the minimum conformation only slightly increased by~4 kJ mol -1 . Currently we are not able to give a satisfying explanation of these findings. 
Crystal structures
Complex 2a crystallizes in the triclinic space group P1 (Z = 2) in an ionic form with [(NHC) 2 aggregated to infinite [+ -]-chains by short metal-metal contacts of 3.223(1) Å (Fig. 4) . The asymmetric unit contains one half of a formula unit with a C 2 -axis passing through both Ag atoms resulting in a perfect linear coordination environment for the silver atoms in the ions [(NHC) 2 Ag] + and [AgBr 2 ] -with an almost perpendicular orientation to each other (C1-Ag1-Ag-Br1 92.7
• ). Both imidazole ring planes are coplanar-a frequently found structural feature for the cation [(NHC) 2 
M]
+ (M = Au, Ag). Despite the steric repulsion of the substituents in 1-and 3-position and the small energetic differences between a coplanar and perpendicular orientation of the imidazolyl rings, the coplanar arrangement is found more often, because p-backbonding contributions are more pronounced in a coplanar than in a perpendicular orientation. As we point out in a recent publication, 25 there are subtle effects defining the aggregation of NHC-Ag-complexes in the solid state: the competition between the neutral form (NHC)AgCl and the ionic form [(NHC) 2 29 ). Nevertheless, the energetic differences between the different aggregation types seem to be small and the aggregation is very sensitive to small changes in crystallization conditions and alterations of the substitution of the NHC-ligand.
In complexes 3a and 3b ( Fig. 5 + 6 ) the Au(I) atoms are almost linearly coordinated by the carbene carbon and the bromide atoms [C1-Au1-Br1 176.5 (2) • (3a); 178.1(2) The Au(III) atoms in 4b and 5 exist in a distorted square-planar environment defined by the carbene-C, and three halogene atoms ( Fig. 7 + 8) . In complex 5 the bromide ligand is strictly in the trans position. The angles between the imidazolyl ring plane and the gold coordination plane are~80
• . It should be noted that Au(III) complexes bearing different halide ligands are rare and so far only the crystal structure of the complex Ph 3 PAuBr 2 Cl has been published.
31
Complex 6a crystallizes in the trigonal space group R3c (Z = 18) as a highly symmetrical trinuclear, bromide centred aggregate of the formula {[(NHC) 2 Au] 3 (m 3 -Br)}Br 2 (Fig. 9) . The three [(NHC) 2 Au] + cations are disposed about a threefold axis linked by one bromine atom with an Au1-Br1 distance of 3.2647(3) Å , which is well below the sum of their van-der-Waals radii (3.51 Å ) but substantially longer than those of non-bridging, terminal bromide ligands (~2.4 Å ). This arrangement results in the very rare T-shape coordination of the gold atom which is known for only a few phosphane complexes of the type (R 3 P) 2 AuX (X = Cl, Br, I, BF 4 ). 32 The net 2+ charge is balanced by two noninteracting bromide ions. The distance between two gold atoms in the trimer is 5.655 Å and out of the standard range for Au ◊ ◊ ◊ Au bonds (<3.5 Å 33 ). Within the cation both imidazole ring planes are approaching a perpendicular orientation [N1-C1-C1 i -N1 i 99.7(4)], presumably because of steric reasons. To the best of our knowledge, this aggregation pattern is unprecedented for gold, but the isostructural silver complex {[(NHC) 2 Ag] 3 (m 3 -I)}I 2 (NHC = 3-methyl-1-picolyl-imidazol-2-ylidene) was reported previously. The crystals of 6b are monoclinic (P2 1 /c) and contain isolated [(NHC) 2 Au] + cations and bromide anions (Fig. 10) . The gold atom is almost perfectly linearly coordinated by the carbene carbon atom [C1-Au1-C18 178.4(4)
• ], the imidazole ring planes are almost coplanar [N1-C1-C18-N4 8.4(9)] and the Au-C distances are comparable to the other Au-C bond lengths presented here.
In the oxidized gold complexes 7a and 7b ( Fig. 11 and 12 ), the gold atom exists in a square-planar coordination environment defined by two carbene carbon atoms and two bromide ligands. Interestingly, the Au-C bond lengths in both complexes are nearly not affected by the oxidation state of the gold atom. Again, the imidazole moiety is approaching coplanarity -presumably more because of the steric repulsion between the Br atoms and the carbene substituent than by p-backbonding effects which should be much weaker for Au(III) than for Au(I). Only the syn-isomer of 7a could be characterized by single crystal X-ray diffraction.
Reactivity study of the gold(III) complexes
For the Au(III) complexes, the possibility to exchange bromide anions by other anionic ligands was investigated in a reactivity study. The scope of this screening was to find stable, isolatable compounds with different kinds of ligands capable of binding to Au(III) atoms. The main focus was laid on ligands with oxygen donor atoms as they might resist the oxidative environment of the Au(III) atom. Another motivation was to explore the still underdeveloped area of gold-oxygen chemistry. 35 Beside the reported analysis, no excessive attempts were undertaken to identify possibly formed side products.
Both the neutral as well as the ionic complexes were treated with three (for 4b) or two (for 7c = [(NHC) 2 AuBr 2 ]Cl) equivalents of AgNO 3 , Ag(acetate), Ag 2 (oxalate), and Ag(benzoate), or a mixture of AgBF 4 /Na(OPh), AgBF 4 /Na(OC 6 Cl 5 ), and AgBF 4 /Na(SPh). After filtration of the formed AgBr over celite the solvent was removed and the residue was re-crystallized from DCM/Et 2 O. In the case of 4b, the reactions led to partial or complete decomposition to elemental gold and only intractable oily substances were formed. The 1 H-NMR spectra of the residues revealed that basically the imidazolium salt was present. -and dithiol RS-SR. 13c Due to the low quality of the crystals, the quality of the structural data is also low and will not be discussed here, but the identity of the substance is unambiguous. The molecular structure plot and detailed structure data can be found in the ESI (Fig. S6) 
Electronic absorption spectra and photochemistry
All gold(III) complexes feature a long wavelength absorption above 300 nm (Fig. 13, S9 -S11 †). To assign the electronic transitions the thoroughly investigated square-planar d 8 -anion AuX 4 -(X = Cl, Br) can be used for comparison:
36 e.g., a solution of K[AuBr 4 ] in MeCN features signals at 394 and a shoulder at~460 nm, which can be assigned to n(Br) → 5d x2-y2 (Au) and p(Br) → 5d x2-y2 (Au) ligand-to-metal-charge-transfer (LMCT) states, respectively. The high energy band at 258 nm originates from a s(Br) → 5d x2-y2 (Au) LMCT state (Fig. S12) . † In other words, in square-planar Au(III)-halide complexes the HOMO is not constituted by 5d-orbitals of the gold atom but by low lying orbitals of the halide ligands. These low lying ligand orbitals facilitate a LMCT from the halides to the 5d x2-y2 orbital of the strongly oxidizing gold atom upon light absorption. Due to coordination of a s-donating ligand in complexes of the type LAu(III)X 3 (e.g. L = phosphine, NHC; X = Cl, Br) the 5d x2-y2 orbital is further destabilized leading to a hypsochromic shift of the LMCT. In the analogues phosphine complex Ph 3 PAuBr 3 the LMCT absorption is found at 346 nm 17b compared to~335 nm for the neutral complexes 4a/b indicative of the higher s-donating character of the carbene ligand. An additional hypsochromic shift to~315 nm is caused by the coordination of a second NHC ligand in the case of the ionic complexes 7a/b. The high energy bands are due to p-p* transitions of the imidazolyl or phenyl moiety and might cover further, short wavelength LMCT transitions ( Table 2) . Upon irradiation with polychromatic light all gold(III) bromide complexes underwent photo-reduction to the respective gold(I) compounds. In no cases a decomposition and formation of elemental gold and also no plasmon resonance of colloidal gold at~520 nm 37 are detectable. In Fig. 13 the time course of the absorbance changes while irradiating (l = 280 nm) a methanolic solution of complex 7b at room temperature is shown. The LMCT band at 316 nm is decreasing while the signal at 261 nm is increasing. The two isosbestic points at 239 and 278 nm are indicative of a clean photo-reaction. 38 After 18 min the resulting spectrum shows the same spectral features as the gold(I) compound [(Bn 2 Im) 2 Au]Br. Both the 1 H-NMR as well as the ESI-MS spectra prove the reduction to the gold(I) complex (Fig. S17 -S19 ). † There are no spectral variations of the non-irradiated solution even after several days under ambient conditions. All other Au(III) bromide complexes are reacting analogously (Fig. S13 -S16 ). The released bromine is further reacting with the solvent and therefore not visible in the UV-Vis spectra (Fig. S20 †) . 39 Accordingly, the photo-reduction proceeds faster in methanol than in DMSO but there is no photo-reaction in water even upon elongated irradiation due to the decreasing ease of oxidation of these solvents. The oxidation of methanol and DMSO with bromine is astonishingly complex and leads to various reaction products, 40 i.e. no oxidation products could be unambiguously identified by NMR or MS experiments. In similar experiments, 41,42 ethanol or 2-propanol was used as reductant and indeed for the photo-reaction of 7b in a mixture of EtOH/d 6 -DMSO (1 : 2) acetaldehyde and diethylacetal could be detected by 1 H-and 13 C-NMR. The iodide complex 5 was not included in the photo-reactivity study because there are strong indications of a thermal equilibrium between Au(III) and Au(I): (a) the 1 H-NMR spectrum shows broad unresolved and/or more than one set of signals. The shifts of one signal set are very similar to the gold(I) complex 3a which was used as starting material (Fig. S21) ; † (b) the UV-Vis spectrum in acetonitrile solution features bands at 290 and 361 nm which are characteristic for triiodide in acetonitrile (Fig. S22 †) 
Experimental General
All reactions and manipulations of air-and/or moisture sensitive compounds were carried out in an atmosphere of dry nitrogen using standard Schlenk techniques. Dichloromethane was dried and distilled over a Na/Pb alloy. All solvents and other reagents were commercially obtained and used as received. NMR spectra were recorded either on a Bruker Digital Avance DPX 200 (200 MHz) or on an Avance DRX 500 (500 MHz) spectrometer and 1 H and 13 C shifts are reported in ppm relative to SiMe 4 and were referenced internally with respect to the residual signal of the deuterated solvent. UV-Vis spectra were recorded on a Cary 300 Bio photometer. Single crystal structure analysis of the compounds 3a, 3b, 4b, 6a, 6b and 7b were carried out on a Bruker Smart X2S diffractometer whereas the structures of 5 and 7a were measured on a STOE-IPDS device 46 with graphite-monochromated Mo-Ka radiation (l = 0.71073 Å ). For 2a, a Nonius Kappa diffractometer with a CCD area detector was used, employing the program suite COLLECT.
47, 48 Further crystallographic and refinement data can be found in Table 3 and 4. The structures were solved by direct methods (SIR-97 and SHELXS-97) 49,50 and refined by full-matrix least-squares on F 2 (SHELXL-97). 51 The H atoms were calculated geometrically and a riding model was applied during the refinement process. Mass spectra were collected on a Finnigan LCQ DecaXPplus Ion trap Mass spectrometer with ESI ion source. The light sources were a 1000 W Hanovia Xe/Hg 977 B-1 lamp with a Schoeffel GM 250-1 monochromator and an Osram mercury short-arc lamp (HBO100W/2). The following compounds were prepared according to literature procedures: tetrahydrothiophene-gold(I)-bromide thtAuBr and tetrahydrothiophene-gold(I)-chloride thtAuCl,
52
(1,3-dibenzylimidazol-2-ylidene)silver(I) bromide, 2b.
20
The calculations were performed using the Turbomole program package, 53,54 version 6.1. The potential energy scan was performed at the DFT level of theory using the BP86 55 functional Ahlrichs def2-SV(P) 56 basis sets the resolution-of-the-identity approximation (RI), as well as the multipole accelerated RI-J approximation, and in connection with an integration grid of m4 type and a setting of $denconv = 1.0d-07. The energy difference between the local minimum structure and the approximate transition state with an dihedral angle Br-Au-C-N fixed at 180
• , were recalculated with the PBE0 functional 57 and the def2-TZVPP basis 58 set with relaxed geometries with and without the COSMO 23 model. 1-Methyl-3-benzylimidazolium-bromide, 1a, was prepared according to a published procedure. 1-Methyl-3-benzylimidazol-2-ylidene-silver-bromide, 2a. A 100 ml round bottom flask was covered with aluminium foil and charged with the imidazolium bromide 1a (1.04 g, 4.11 mmol) and 20 ml DCM. To the resulting solution was added dry Ag 2 O (0.48 g, 2.05 mmol). After an overall stirring time of 3 h at ambient temperature the reaction mixture was filtered over Celite. 7 (s, C2), 137.7 (s, ipso-C Ph ),, 129.2, 128.5, 128.0 (s, Ph) 1-Methyl-3-benzylimidazol-2-ylidene-gold-dibromide-iodide, 5. To a solution of 3a (0.20 g, 0.32 mmol) in 50 mL DCM was added at -40
• C under stirring iodine (0.09 g, 0.32 mmol). The solution was allowed to warm to room temperature and stirred for another 2 h. The solution was filtered over Celite and the solvent was removed under reduced pressure. The residue was dissolved in a minimum of DCM and precipitated with Et 2 O as a brown powder. Yield: 0.20 g (89% 1,3-dibenzylimidazol-2-ylidene)gold-bromide, 6b . Complex 6b was prepared from 1b (0.23 g, 0.68 mmol), LiHMDS (0.14 g, 0.86 mmol), and thtAuBr (0.13 g, 0.34 mmol) using the method described for 6a. Yield: 0.16 g (53% General procedure for the reactions of gold(III) bromides 4b and 7b with various ligands. 4b (0.05 g, 0.08 mmol) or 7c (0.05 g, 0.06 mmol) were suspended in 20 mL absolute acetone and cooled to -40
• C. To this mixture 3 (for 4b) or 2 (for 7c) equivalents of AgNO 3 , Ag(acetate), Ag 2 (oxalate), and Ag(benzoate), or a mixture of AgBF 4 /Na(OPh), AgBF 4 /Na(OC 6 Cl 5 ), and AgBF 4 /Na(SPh) were added. After the reaction mixtures were allowed to warm to room temperature it was stirred for additional 4h. The formed AgBr/Cl was removed by filtration over Celite and the solvent was distilled off in a vacuo. The residues were dissolved in a minimum of DCM and crystallized by slow gas phase diffusion of Et 2 O.
